Abstract: The formation of oxide films on pure Ni surfaces by low energy oxygen ion-beam bombardment at room temperature was studied by X-ray photoelectron spectroscopy. Ion-induced oxidation is more efficient in creating thin NiO films on Ni surfaces than oxidation in oxygen atmosphere. The oxide thickness of bombarded samples is related to the penetration depth of oxygen ions in Ni and scales with the dose of implanted oxygen, Φ, as Φ 1/6 . This type of oxide growth is predicted theoretically for diffusion of Ni cations by doubly charged cation vacancies, which creation and mobility is greatly enhanced by ion-irradiation.
INTRODUCTION
OST metal surfaces exposed to an oxidizing environment will gradually corrode. However, many metals, such as chromium, cobalt or nickel, form an inert oxide layer on the surface that isolates the surface from the surrounding environment and provides an effective protection from further deterioration. This phenomenon, called the passivity, is the central issue of the corrosion science [1] with a great relevance in a number of applications, ranging from the heterogeneous catalysis or chemical sensors, to the production of electrochromic devices, transparent conductive films or biomedical devices. [2] [3] [4] [5] [6] Nickel is one of the model metals for the oxidation studies as it forms only one oxide, NiO, under wide range of temperatures, T, and oxygen partial pressures, pO2. [7] Microscopically, the oxidation process in oxygen atmosphere starts with the chemisorption of oxygen at the very top of Ni surface, followed by the nucleation of NiO islands that eventually coalesce, even at room temperature, RT, and form a thin NiO film of several monolayers. [8] This thin NiO film passivates the surface. The further oxide growth requires higher temperatures. As NiO is a metal deficient (Ni1-δO) p-type semiconductor, the subsequent oxidation of Ni at higher temperatures is expected to proceed by the outward migration of Ni cations and electrons with the growth of a single-phase oxide at the oxide/gas interface. [1] Indeed, the mass transport by diffusion of Ni cations, with a possible contribution from an inward diffusion of oxygen anions, has been identified in a number of oxidation studies of Ni, including the high temperature experiments (500 to 1400 °C), [7, [9] [10] [11] [12] or oxidation during potentiostatic anodic polarization on pure Ni. [13] It is very important to gain information on the initial oxidation stage of Ni, as it represents the very first step of Ni reaction with the oxidizing environment. However, at high temperatures, this initial reaction is very fast and it is difficult to determine all aspects of the initial oxidation stages, including the oxidation mechanism. On the other hand, the rapid passivation of Ni surface at RT prevents any further adsorption of oxygen and growth of thicker Ni oxides. In order to study the low-temperature oxidation of Ni, the oxidation chemistry of Ni should be enhanced, not by increasing temperature, but by implementing some other extreme conditions. Indeed, the irradiation of Ni by beams of electrons or Ar + ions during oxygen exposure enhances significantly the oxidation rate and the formation of Ni oxides. [8, 14] In addition, it has been shown that the oxygen implantation represents an attractive and feasible alternative for oxidation of Ni, even at RT, [15] that could be more efficient in creating thin NiO films on Ni surfaces than oxidation by some other methods, such as electrochemical methods. [16] In addition, the composition and thickness of oxides can be finely controlled, even at RT, simply by tuning the implantation parameters, such as impact angles and energies or doses of implanted oxygen. [15, [17] [18] [19] [20] In the present study, we explore further the radiation-enhanced oxidation of Ni at RT by the low-energy oxygen ion-beam bombardment in order to examine the oxidation kinetics during initial stages of oxidation process. X-ray photoelectron spectroscopy (XPS) characterization of oxidized surfaces was used in order to compare the initial stages of oxidation of pure Ni metal in oxygen atmosphere at RT with the oxidation of the same material by the oxygen ionimplantation at RT.
EXPERIMENTAL
The oxidation studies were performed on a 0.5 mm-thick nickel foil (Alfa Aesar, 99.994 wt. % Ni). Before any oxidation step, the foil was abraded with SiC papers (800-1200 grit), cleaned with ethanol and redistilled water and then slightly etched within the analysis ultrahigh vacuum (UHV) chamber by cycles of 2 keV Ar + bombardment at RT (these samples are referred to as cleaned samples). The cleaned samples were oxidised in situ in oxygen atmosphere, under the pure oxygen-gas (purity 99.999 %) pressures around 2× 10 -4 Pa. The oxidation dose is expressed in units of Langmuir, connected to the gas pressure (in Pa) and the exposure time (in seconds) as 1 L = 1.33× 10 -4 Pa s. The ionbeam oxidation was also carried out in situ with a broad beam of 1 or 2 keV O2 + ions with the typical current density of 2 μA/cm 2 . The implanted dose Φ (in O atoms/cm 2 ) for the conditions used in the present study is related to the bombardment time (t, in seconds), as 1.25×10 13 ×t. For the bombardment times used in this study (from 2 seconds to 4 hours), the corresponding implanted dose of oxygen covers almost four orders of magnitude, from 2.5×10 13 O atoms/cm 2 to 1.75×10 17 O atoms/cm 2 .
All samples were characterized by XPS in a SPECS XPS spectrometer equipped with a Phoibos MCD 100 electron analyser and a monochromatized source of Al Kα X-rays of 1486.74 eV. The typical pressure in the UHV chamber during analysis was in the 10 -7 Pa range. For the electron pass energy of the hemispherical electron energy analyser of 10 eV used in the present study, the overall energy resolution was around 0.8 eV. All spectra were calibrated by the position of C 1s peak, placed at binding energy of 284.5 eV. The photoemission spectra were simulated with several sets of mixed Gaussian-Lorentzian functions with Shirley background subtraction.
RESULTS AND DISCUSSION
The development of Ni-O bonds during different oxidation stages on Ni surfaces can be obtained from the chemical shifts in photoemission spectra around the Ni 2p or O 1s core levels. While the focus of XPS measurements in the present study was on the Ni 2p photoemission that shows the more distinctive structure and larger chemical shifts than the O 1s emission, [21] the O 1s photoemission was also monitored in order to follow up the build-up of oxygen concentration in the near surface region during each oxidation step. The Ni 2p emission is characterized by two asymmetric peaks at binding energies, BE, of 852.5 eV and 869.9 eV, respectively, characteristic for the spin-orbit splitting of the Ni 2p energy level of metallic Ni, Ni(0), into 2p3/2 and 2p1/2 levels, respectively (not shown). [22] In the present work we have considered only the more intense Ni 2p3/2 component, as the large Ni 2p spin-orbit splitting of around 17 eV prevents any mixing of contributions from 2p3/2 and 2p1/2 states. [21] Several characteristic Ni 2p3/2 spectra obtained from cleaned and oxidized Ni surfaces are shown in Figure 1 . The photoemission from a cleaned sample is characterized by the metallic Ni(0) peak (peak 1 at BE of 852.5 eV) and a less intensive satellite peak (peak 1' at BE around 858.5 eV; the fitting of the Ni 2p3/2 line from the cleaned sample, shown in Figure 2 , reveals the second characteristic satellite at BE Figure 1 . Ni 2p3/2 core-level photoemission spectra from a cleaned nickel surface and surfaces oxidized at RT in oxygen atmosphere to 10, 100 and 5000 L, respectively.
DOI: 10.5562/cca3149
Croat. Chem. Acta 2017, 90 (2) , [163] [164] [165] [166] [167] [168] around 586.0 eV, as reported previously in the literature for pure Ni surfaces). [21] After the oxidation in oxygen atmosphere at RT several new peaks emerge in spectra (peaks 2-4 in Figure 1 ), already after the lowest dose of 10 L of oxygen used in the present study. Intensities of these new peaks increase only slightly for higher oxygen doses, and saturate after around 100 L of oxygen. Obviously, the metallic Ni surface is quite resistant to the oxidation in oxygen atmosphere at RT. The photoemission results from Figure 1 indicate the fast formation of only several monolayers of Ni oxide on the surface of Ni metal that reduces the reactivity of surface and prevents any further adsorption or uptake of oxygen at higher oxygen doses. The further growth of oxide films on Ni requires oxidation temperatures well above RT. The ion-induced oxidation of Ni induces several dramatic changes in the shape of Ni 2p photoemission peaks, as shown, as an example, in Figure 2 for bombardment of Ni surfaces with 2 keV O2 + ions for 300 and 3600 s, respectively (corresponding to Φ of 3.75×10 15 and 4.5×10 16 O atoms/cm 2 , respectively). The ion-bombarded spectra are fitted with several mixed Gaussian-Lorentzian functions 2-6 (in addition to the metallic, Ni(0), peak 1 and two satellites, 1' and 1'', from the cleaned sample): peak 2 at BE of 853.8 eV, peak 3 at 855.5 eV, and satellite peaks 4, 5 and 6 at 860.7, 863.9 eV and 866.2 eV, respectively. Indeed, the new peaks 2-6 are known from the literature as the characteristic photoemission features from NiO surfaces. [23] A strong metallic Ni(0) peak 1, still present in the spectra after oxidation with the highest oxygen dose used in the present study, indicates the formation of a very thin oxide film on the surface. In such case, the XPS signal includes a contribution from the underlying metallic nickel.
We supplement Ni 2p core-level measurements from Figures 1 and 2 with the XPS measurements around O 1s levels ( Figure 3 ) and the valence band photoemission measurements (Figure 4 , obtained also with Al Kα X-rays), respectively. Several characteristic spectra are shown in Figures 3  and 4 , respectively. All O 1s spectra in Figure 3 exhibit an intensive peak at 529.5 eV, characteristic for the emission from the O 2-states in the transition metal oxides, such as NiO. [24] The smaller peak around 531.3 eV has been assigned previously to the defective oxide (oxygen atoms attached to the lattice vacancies) and/or CO or OH impurities adsorbed on the surface. [21] However, in the case of Ni oxides, this peak has also been assigned to the emission from the Ni2O3 phase that can be present at low concentration within the NiO films. [25] A possible contribution from a Ni2O3 phase in the Ni 2p3/2 spectrum is difficult to distinguish within the signal dominated with NiO phase, as the BE of Ni-O bonds in Ni2O3 overlap with the multiplet splitting structure of NiO (peak 3 from Figure 2 ). [15, 26] Although in the present paper we only discuss the formation of a NiO phase, the presence of a small concentration of Ni2O3 phase should also be anticipated within the total concentration of Ni oxide. [15] In the case of oxidation in oxygen atmosphere (Figure 3a) , the O 1s emission increases after exposing the surface to 10 L of oxygen, but remains almost constant for the higher oxygen doses, revealing the saturation of oxygen uptake after the lowest oxygen dose of 10 L. On the other hand, the concentration of oxygen increases continuously with the bombardment time during the ion-implantation experiments (Figure 3b) , indicating the continuous build-up of oxygen concentration below the surface. The valence band spectra in Figure 4 exhibit the same trend. The valence band of samples oxidised in oxygen atmosphere (Figure 4a ) saturates immediately after the lowest oxygen dose of 10 L. It is characterized by the broadening of peak A, i.e. development of an additional peak, C, corresponding to Ni 3d states in NiO. [27, 28] In contrast to the oxidation in oxygen atmosphere, the valence band of ion-beam bombarded samples (Figure 4b ) exhibits a more complex structure, characteristic for NiO: a well pronounced new peak, C, about 2.2 eV below the Fermi level, corresponding to Ni 3d states, and a strong peak D, about 9.5 eV below the Fermi level, representing Ni 3d valence band satellites. [27, 28] In general, at low temperatures, the oxidation of Ni in oxygen atmosphere involves the tunnelling of electrons from Ni atoms to the adsorbed O atoms at the surface that produces an electric field across the oxide. This electric field causes the outward migration of metal cations to the surface, or the inward migration of oxygen anions to the oxide/metal interface, resulting in the thickening of the oxide film with the exposure time, best described by a logarithmic growth rate. [29, 30] In this process oxidation is terminated when the electric field is no longer strong enough to support the ion migration. However, our oxidation in oxygen atmosphere, carried out at RT, are not consistent with the logarithmic kinetics. The oxidation process saturates very fast and prevents any further oxide growth. It is consistent with the first few steps in the oxidation process described by the dissociation of oxygen molecules from the gas phase and adsorption of separate oxygen atoms on the surface of Ni. As the adsorbed oxygen atoms exchange places with the underlying metal atoms and become incorporated below the surface, a thin oxide layer or oxidized islands form on Ni surface. [8] On the other hand, the oxidation of Ni in oxygen atmosphere at elevated temperatures is driven by Ni 2+ diffusion through the oxide film. Ni 2+ cations diffuse through lattice defect sites (such as vacancies created within the oxide) to the surface where they react with adsorbed oxygen, following the parabolic rate law. [9] [10] [11] [12] When a Ni vacancy is created, two neighbouring Ni 2+ atoms, in order to balance charges, each lose an electron forming two Ni 3+ ions (i.e. two electron holes). [1] The incorporation of oxygen in Ni is described by reactions [1] ½ O2 → Oo x + V"Ni + 2h
where, in the Kröger-Vink notation, Oo x represents an O ion on a regular lattice site, V"Ni (V'Ni) is a doubly (singly) ionized Ni vacancy and h  is a positively charged electron hole. It has been shown (both theoretically and experimentally) that the concentration of cation vacancies scales with the oxygen partial pressure, pO2, as (pO2) n , where the exponent n equals 1/2, 1/4 or 1/6 for the neutral or singly and doubly charged Ni vacancies, respectively. [1, 31, 32] Consequently, any quantity, x, directly related to the diffusion of charged particles by cation vacancies within the oxide film, such as the oxide thickness or the change in weight as a result of oxidation, should be related to the oxidation time, t, as x= K t n , i.e. log(x)=log(K) +n log(t), where K is the rate constant [1] . Therefore, if the plot of experimental data on a log(x) vs. log(t) scale produces a straight line, the slope of this line is determined by the exponent n.
The change of thickness, d, of a NiO film with the bombardment time (i.e. the oxygen dose Φ) can be determined from the numerical fits of Ni 2p photoemission peaks shown in Figure 2 . The intensity ratio, INi /INi ∞ , of metallic Ni 2p3/2 peaks (such as peaks 1 in Figure 2) , taken from the Ni foil with an oxide film (INi) and from a cleaned Ni surface (INi ∞ ), is given by the relation [33] where I is the area under the metal peak (peak 1 in Figure 2) , λ is the inelastic mean free path of electrons (λ = 1.1 nm for 630 eV electrons from the present XPS measurements [34] ) and θ is the emission angle with respect to the surface normal (equals 0° in the XPS instrument used in the present study). The results are plotted on a log(d) vs. log(t) scale in Figure 5 for the two oxygen-ion impact energies of 1 and 2 keV. The saturation oxide thickness obtained by this method is about 2.4 nm for 1 keV O2 + ions, while it approaches 3.3 nm for 2 keV oxygen ions. For the comparison, the saturation oxide thickness, obtained from relation (2) for a sample oxidised in oxygen atmosphere at RT to a dose of 5000 L (the largest oxygen dose used in our experiments) is about 0.9 nm. On the other hand, the oxide thickness on ion-bombarded samples can be estimated from SRIM simulations. [35] For 1 keV (or 2 keV) O2 + bombardment the ion range (Rp) of oxygen in Ni or NiO changes only slightly from 1.1 to 1.2 nm (or 1.6 to 1.9 nm), while the range straggling (ΔRp) changes from 0.9 to 1.3 nm (or 1.3 to 1.6 nm) Therefore, the total oxide thickness (Rp + ΔRp) of 2.0 to 2.5 nm (or 2.9 to 3.5 nm) is expected for 1 keV (or 2 keV) O2 + bombardment, in very good agreement with the saturation oxide thickness obtained from XPS measurements plotted in Figure 5 . Several different slopes, also plotted in Figure 5 , are related to the mass transport during the oxidation processes driven by the diffusion of cation vacancies of different charge states, as predicted by the theory of parabolic oxidation growth rate. [1] For both ion-bombardment energies (1 or 2 keV) the oxide thickness closely follows the parabolic growth rate with the exponent n of about 1/6. This result strongly points to the dominant contribution of doubly charged Ni vacancies, V"Ni, in the mass transport during ion-induced oxidation of pure Ni. It is worth mentioning here that the oxidation of Ni in oxygen atmosphere at elevated temperatures exhibits several different growth rates of NiO, depending on the oxidation temperature. For example, the mass transport estimated from the diffusion coefficients of Ni in NiO as a function of pO2 indicates the (pO2) 1/3.5 dependence at 1400 °C, (pO2) 1/4 dependence at 1300 °C and finally a (pO2) 1/6 dependence bellow 1000 °C. [10] This result confirms the important role of VNi in mass transport during the thermal oxidation of pure Ni, with a dominant contribution of doubly charged vacancies at 1000 °C and singly charged vacancies at 1300 °C, while neutral vacancies may exist at higher temperatures. In contrast to thermal processes, the ion-induced oxidation eliminates the need for elevated temperatures and bypasses several thermally activated processes, such as absorption, dissociation, placeexchange, diffusion or bond braking, while, at the same time, enhances the production of point defects, such as vacancies and interstitials. [36] The point defects may considerably enhance mobility and reactivity of metal cations and oxygen anions in material and, therefore, influence the oxidation process. On the other hand, the sputtering process present during ion-bombardment can limit the final oxide thickness. However, the sputtering rate in our experiments is quite low, at least two orders of magnitude lower than in some other techniques based on sputtering process, such as Secondary ion mass spectrometry (SIMS). [37] From our SIMS measurements on Ni [15] , we estimate the sputtering rate in present oxidation experiments to the order of 10 -3 Å/s. But, more importantly, the oxygen ions are implanted deeper below the surface with an increase of Rp directly related to the erosion rate of the surface by sputtering. For a steady state condition between the sputter-erosion of the surface and the implantation depth of O atoms, the thickness of the final oxide layer does not depend on the sputtering rate.
CONCLUSION
In summary, we present the XPS analysis of the oxidation process on pure Ni surfaces by low-energy oxygen bombardment at RT. The oxidation starts below the surface, at depths within the Rp + ΔRp range. Oxygen in excess to the amount consumed in the formation of a shallow buried nickel oxide rapidly diffuses toward the buried oxide interface where it oxidizes the available nickel. At the same time, the outward diffusion of Ni ions through cation vacancies, created within the buried NiO (the formation of vacancies is further enhanced by ion-bombardment), places more Ni ions close to the surface where they react with the impinging oxygen ions and provide the oxide growth at the oxide/gas interface. This oxidation step is characterized by the parabolic growth rate, which scales with the amount of implanted oxygen as Φ 1/6 , in contrast to the oxidation processes carried out in an oxygen atmosphere, but in full agreement with the theoretical prediction for the oxidation driven by the diffusion of cations through doubly charged cation vacancies. The oxide thickness is related to the implantation kinetics of oxygen ions and is limited by the simultaneous sputtering of the Ni surface by energetic ion bombardment.
